Introduction
In the current literature several anatomical reference frames are applied by research teams [4, 15, 16, 17] . In spite of the general intention to standardize the position and orientation of the applied reference frames, as results of invasive and noninvasive investigations, the shape of the published kinematical diagrams are quite differing. This is not only a problem in the development of surgical robot systems [27, 28] , but also in kinematic-based prosthesis design. It was verified by Pennock and Clark [11] that the different position and orientation of reference frames fastened to femur and tibia yields to significant diversity of kinematical diagrams.
To solve this problem a new reference frame convention was proposed by them. Various flexion axes have been used in the literature to describe knee joint kinematics. Among others, Most et al. [8] studied how two, widely accepted and used, flexion axes (transepicondylar axis (TEA) and the geometric center axis (GCE)) correlate with each other regarding the femoral translation and the tibial rotation. Their results suggested that kinematical calculation is sensitive to the selection of flexion axis.
Patel et al. [10] compared their own results, based on MRI images, with kinematical diagrams published by other research teams. They found similar and considerably different ones. In the study of Zavatsky et al. [14] , both tibialrotation and ad/abduction diagrams are quite different compared to the results published by other researchers. Similarly, significant difference appeared in the kinematical diagram related to the experimental study of Wilson et al. [12] , who carried out tests on twelve different cadaver specimens. They assumed that the explanation of the diversity in the kinematical curves is due to the spatial orientation, the test rig design and the load.
In the presented research it will be examined how the different reference frames affect the relationship between the rotation, ad/abduction and the translation of certain anatomical landmarks on of cadaver specimens as a function of flexion angle. The investigated movement is slow knee flexion-extension, since the kinematics can be more precisely observed if the force ratios are lower than, e.g. in case of jump-down [26] . The changes in the kinematics, related to the anatomical angles and landmarks, were determined and plotted by systematic modification of some coordinates of the anatomical landmarks.
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Methods

Cadaver Specimens
A uniquely designed and manufactured test rig, which was also equipped with a data acquisition system to track the motion, was used to perform the experiment [7] . After the experiments the sensitivity analysis was carried out. In the presented research, eight fresh frozen human cadaveric knee specimens (5 female knees, 3 male knees; average age 56±6 years; age range 49-63 with an average BMI of 25.21±3.8) were used for the kinematical investigation.
The specimens were stored at a temperature of 0-1 C° while storage time was between 4-6 days. Each of them was manually checked to ensure the active function arc of flexion/extension (0-120°) [18] . The lengths of the knee joint specimens were approximately 40-45 cm at the center of the capsule. After resection of the knee joint specimens, the motion investigations took place within one hour. A suitable quality of capsules and bones was assured by previous radiographic images. During preparation, the skin and soft tissues were removed while the joint capsule, ligaments and muscles were left intact.
Description of the Experiment
As a first step of the kinematical investigation, coordinates of anatomical landmarks, fh, me, le, hf, tt, lm, mm were recorded on the total cadaver body lying on its back (Figure 1 ), where the tripods of the Polaris optical tracking system [19] have already been attached. The accuracy of the system is 0.5 mm (volumetric: 0.25 mm RMS). In addition, the following points must be defined:
-
The origin (O t ) of the anatomical coordinate system, which is the midpoint of the junction-line between the medial (me) and lateral (le) epicondyles,
The y t axis of the coordinate system, which is the line between the origin and the center of the femoral head (fh), pointing upward with positive direction,
The x t axis of the coordinate system is perpendicular to the quasi-coronal plane, defined by the three anatomical points (hf, me, le). It has positive direction to the anterior plane,
The z t axis of the coordinate system is mutually perpendicular to the x t and the y t axis with positive direction to the right. First of all, the coordinates of medial and lateral epicondyles (me, le) were pinpointed and recorded in the absolute coordinate system (XYZ) (Figure 3 ). This step was followed by circularly moving the thigh in order to determine the center of the femoral head (fh) in the absolute coordinate system (XYZ) (Figure 4 ). After this, the same transformation (eq. (1) and eq. (2)) was carried out to transform the femoral head (fh) into the X fe -Y fe -Z fe coordinate system. Four screws were attached to the femur, which represent the reference points. These reference points are pinpointed and recorded in the absolute coordinate system (XYZ) (Figure 5a ). Then, they were similarly transformed into the X fe -Y fe -Z fe coordinate system (Fig. 5b) . Closely the same procedure must be carried out on the tibia as well. The coordinates of the head of the fibula (hf), the tibial tuberosity (tt) and the lateral and medial malleolus (mm, lm) were pinpointed and recorded in the absolute coordinate system (XYZ) (Figure 6 ). Then again, by the use of a simple transformation (eq. (1) and eq. (2)) [25] , the registered points (hf, tt, lm, mm) can be transferred into the coordinate-system attached to the tibia (X te -Y te -Z te ) ( Figure 7 ): Figure 7 Pinpointing anatomical landmarks on tibia in the relative (Xte, Yte, Zte) coordinate system (right side)
The identification of the landmarks on the intact cadaver knee was followed by the resection of the cadaver specimens (Fig. 8) . The flexion/extension movement on the cadaver specimens were carried out in the test rig. During the measurement, the following conditions were kept: a) the knee joint carried out unconstrained motion; b) the test rig is equipped with a Polaris optical tracking system [19] , which allows motion data acquisition under flexion/extension movement with a configuration of moving (rotating) tibia and fixed femur; c) motion data can be recorded in any arbitrary flexed position; d) the angular velocity of tibia related to femur is adjustable; e) the acting forces of the knee joint can be measured during flexion/extension; f) the tibia starts its motion by moving downwards from the extended position. The tibia is loaded in the sagittal plane of the knee joint. The loading force, acting on the end of tibia, enables the unconstrained flexion/extension motion while the test rig assures at least 120 degrees in flexion. Each specimen was manually flexed and extended five times before its actual installation into the test rig. Two plastic beams were fixed on both sides of the specimen. A rubber strip, representing the muscle model, was fixed to the quadriceps tendon of the cadaver knee joint. The trend of the quadriceps force function, regarding the magnitude of the force, is approximately linear up to a 70-80 degree of flexion angle [21, 22, 23, 24] . For this reason, a rubber strip was used to model the muscle, its characteristic was tested and showed linear behavior in the applied interval.
Anatomical conventions, reference frame convention and joint system convention of the VAKHUM project [6] were applied in the presented research. These conventions are based on current international standards (e.g. from the International Society of Biomechanics).
The main steps of the measurement are the followings [1, 2, 3, 7] : Table 1 Steps of the experiment protocol
Description
1
During the preparation of the cadaver knee joint, 4 + 4 screws are to be fixed into the femur and tibia. Screw heads are reference points in the course of measurement. 2
The position of the screw heads (as reference points) have to be recorded in the reference frames of the sensors. 3 The position sensors have to be attached to the lying cadaver body (femur and tibia). 4 The position of the anatomical landmarks (le, me, tt, hf, mm, lm) have to be recorded in the reference frames of the sensors. 5 The position of anatomical landmark fh in absolute coordinate-system of Polaris optical tracking system (pelvis is immovable) is to be determined by manually constrained thigh circle. 6
After the removal of the sensors, the resection has to be performed on the knee joint capsule. 7 The capsule has to be fixed into the test rig (Fig. 2 ). 8
The sensors have to be re-attached to both sides of the capsule (femur and tibia), obviously in a different position compared to the previous ones. 9
Data acquisition regarding the position of the 4 + 4 screw heads has to be repeated. 10 The position data of the anatomical landmarks (le, me, tt) in the coordinate-systems of sensors (in a modified position) has to be recorded. 11 The flexion/extension data of the knee joint can be continuously recorded by the sensors attached to the tibia and femur.
Description of the Parameters and Coordination Frames
Motion components of the knee joint were calculated according to the convention of Pennock and Clark [11] . The calculation is based on a three-cylindrical mechanism using Denavit-Hartenberg [5] parameters. In order to plot the kinematical diagrams, several reference frames were used such as the absolute reference frame of the Polaris optical tracking system, the reference frames of the sensors attached to the femur and the tibia, and the anatomical reference frames attached to the femur and the tibia ( Fig. 8 and Fig. 9 ).
With the object to create the determining matrix-equation, the required anatomical landmarks on the femur and the tibia . These points are appointed on Fig. 8 and Fig. 9 . The mathematical relationship between the applied coordinate-systems can be described by the following matrix-equation:
where:
[A]: fourth-order transformation matrix between reference frame ts (attached to tibia sensor) and anatomical reference frame X 3 Y 3 Z 3 fixed to tibia: 
Elements of matrix [C] in which O Xfs , O Yfs , O Zfs , are the coordinates of the origin of reference frame attached to femur sensor in the absolute reference frame and Ψ fs , Θ fs , Φ fs are Euler-angles between the same reference frames. These data were measured by Polaris optical tracking system. 
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Elements of matrix [E] contain the six kinematical parameters of human knee joint complying with the constraint conditions of the three-cylindrical mechanism model, which has been described by the Denavit-Hartenberg (later on HD) parameters -was used (Fig. 10) . By the use of the HD parameters, the variables are reduced from six to four (Θ i , d i , l i , α i ). These parameters fit well to the geometrical particularities of the applicable bodies and constraints [[5] ].
Figure 10 Human knee joint model in extended position [5] In Fig. 10 , the HD coordinates can be seen. The parameters of α i , l i , (i=1,2,3) can be adjusted optionally according to the special geometry of knee joint. On the basis of the published recommendations [ [11] ] the following data is supported as a correct setting:
The application of the model enables the calculation of the following quantities ( Fig. 10) : 
Description of the Sensitivity Analysis
The aim of the numerical sensitivity analysis is to describe how the rotation, ad/abduction and translation of the (fh, me, le, lm, mm, tt, hf) depend on the position of the anatomical points therefore it also depends on the anatomical peculiarity of each subject. This is also interpreted by the coordinate systems since they are defined by these anatomical points. The anatomical coordinate systems can be defined within a few mm including the deviation or error of the irregular form of the femur and tibia, and their anatomical peculiarities as well.
The detection of the position of the centre of femoral head (P 1 ), the apex of the head of the fibula (P 7 ) and prominence of the tibial tuberosity (P 6 ) cause only small angular deviation, since these anatomical landmarks are located relatively far from the origins of the coordinate systems ( Fig. 3 and Fig. 4 ). The origins of the coordinate-systems are determined between the epicondyles and the apices of the lateral and medial malleolus, therefore the effect of position deflection is quite significant on the position and the orientation of the reference frame.
The numerical sensitivity analysis was carried out by a matrix-equation including 21 position coordinates of seven anatomical landmarks (three on the femur and four on the tibia). The position and orientation of the tibia related to the femur was changing step-by-step as a function of flexion angle.
At each step the position and the orientation of the tibia sensor changes therefore each time step another equation-system is generated.
By solving these equation-systems, three rotational and three translational parameters can be obtained, which determine the position and orientation of the tibia related to the femur.
As a first step of sensitivity analysis, the positions of epicondyles (points P 2 and P 3 ) were modified step-by-step (±2 mm) in the quasi-transverse plane in the opposite direction (cadaver lying on his back, extended position). In the second phase the positions of apices of the lateral and medial malleolus (points P 4 and P 5 ) were modified step-by-step (±2 mm) in quasi-transverse plane in the opposite direction as well. Difference compared to the basic functions (bold curve) are plotted in Fig. 10 and Fig. 11 . The basis function contains some error since it was calculated from measured data.
Results
As we look at the group of curves created by systematic step-by-step position modification of the epicondyles, it is observable that in the first phase of flexion (until 40 degrees) the rotation-flexion curves are shifted parallel, while over 40 degrees their slopes are significantly different. The ad/abduction-flexion curves start from almost the same point, but the slope and the shape of the functions are quite divergent. The effect of the position modification of the epicondyles is negligible on the displacement components of the knee joint model (Fig. 11abc) .
In case of systematic step-by-step position modification of the lateral and medial malleolus, the rotation-flexion curves are shifted parallel moreover the ad/abduction-flexion curves are nearly unchanged. The medio-lateral and anteroposterior translational curves are shifted parallel furthermore the proximal-distal translation along the tibial axis is quite unchanged (Fig. 12abc) .
It is also apparent that the shapes of investigated kinematical diagrams depend considerably on the position and orientation of the reference frames fastened to femur and tibia. The shape and position of the kinematical curves were modified due to the different recorded position of the anatomical landmarks.
By the obtained new information, the kinematical results, carried out on different cadaver subjects, becomes comparable. Rotation-flexion and ad/abduction-flexion diagrams (Fig. 11a) are similar to the ones found in the literature. d1, epi+0-0 d1, epi+2-2 d1, epi+4-4 d1, epi-2+2 d1, epi-4+4 d2, epi+0-0 d2, epi+2-2 d2, epi+4-4 d2, epi-2+2 d2, epi-4+4 Figure 11a and Figure 11b Coordinate modification of the epycondyles Every single curve was plotted after systematic modification of the epicondyles position in the femur quasi-transverse plane.
-23 - The curves point out well how the rotation-flexion and the ad/abduction-flexion diagrams depend on the position of the epicondyles. The modification of the condyle peaks did not influence significantly the shape of the translational diagrams (Fig. 11b-c) .
As a second step, the effect of the coordinate modification of the malleolus is considered. As it is seen in Fig. 12a , the rotation-flexion curves are shifted parallel, due to the systematic position modification of the lateral and medial malleolus in the tibia quasi-transverse plane. d1, mal+0-0 d1, mal+2-2 d1, mal+4-4 d1, mal-2+2 d1, mal-4+4 d2, mal+0-0 d2, mal+2-2 d2, mal+4-4 d2, mal-2+2 d2, mal-4+4 Figure 12a and Figure 12b Coordinate modification of the malleolus Translational curves d1 and d2 are shifted parallel (Fig. 12b) , while the ad/abduction -flexion curves (Fig. 12c) and the curves d3 are nearly the same (Fig.  11c ).
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Conclusions
By the obtained new information, the kinematical results, carried out on different cadaver subjects, becomes comparable. Rotation-flexion and ad/abduction-flexion diagrams are similar to the ones found in the literature, nevertheless the presented measurement and processing methods, together with the sensitivity analysis, can quantitatively show how kinematical parameters of the knee joint (ad/abduction, rotation) are influenced by the coordinate systems fixed to the femur and tibia under flexion-extension. In this demonstration, every single curve was plotted after systematic modification of the epicondyles position in the femur quasitransverse plane, thus the curves point out well how the rotation-flexion and the ad/abduction-flexion diagrams depend on the position of the epicondyles.The modification of the condyle peaks did not influence significantly the shape of the translational diagrams. As it is demonstrated, the rotation-flexion curves are shifted parallel, due to the systematic position modification of the lateral and medial malleolus in the tibia quasi-transverse plane. Translational curves d1 and d2 are also shifted parallel. The ad/abduction-flexion curves and the curves d3 are nearly the same. On the basis of the obtained groups of curves, the analysis of other kinematical diagrams becomes possible regarding the anatomical features of the investigated person and the accuracy/inaccuracy of positioning of anatomical landmarks.
